The NASA Study of Cataract in Astronauts (NASCA) was designed to measure the impact of exposure to space radiation on progression rates of cortical, nuclear, and posterior subcapsular cataract in U.S. astronauts who have flown in space and comparison groups of astronauts who had not flown in space, and subjects with a history of military aviation. We present our analyses of 5 years of data with an average of 3.8 exams per subject. All subjects had digital lens images with the Nidek EAS 1000 Lens Imaging System. Because of high variability and skewness of opacity measures, nonparametric methods were used to test for association between rates of opacification and space radiation exposure. First, median regression was used to collapse longitudinal data into robust estimates of progression rates (opacity severity compare to time for each eye of each subject). To quantify and test for a radiation effect, median regression with the dependent variable being the maximum of the two slopes (OD and OS) per subject was then used, adjusting for the confounding variables of age, nutritional, and sun-exposure histories. Median regression showed evidence of an association between the rate of cortical progression in the worse eye with radiation dose and age. The estimated median progression rate from space radiation being 0.25 6 0.13% lens area/Sv/year (P ¼ 0.062). We found no relationship between radiation exposure and progression of aggregate area of posterior subcapsular cataract or nuclear progression rates. However, longer follow-up may be needed to further understand any impact of space radiation on progression rates for posterior subcapsular cataracts and nuclear cataracts, and to characterize changes to visual acuity. Ó 2012 by Radiation Research
INTRODUCTION
The hazards to astronaut health from space radiation exposure have been recognized for decades (1) , but information on risks to the ocular lens of such exposure, albeit increasing, is limited (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The NASA Study of Cataract in Astronauts (NASCA) was designed as a longitudinal study of the impact of exposure to space radiation on progression rates of the three major classes of lens opacification: (1) cortical, (2) nuclear and (3) posterior subcapsular cataract in U.S. astronauts and other space crews who flew at least one mission in space, astronauts who have not flown in space, and military aircrews. The NASCA study has been designed to test the following major hypotheses: (1) Are the rates of progression of posterior subcapsular cataract, cortical, and nuclear opacification increased by exposure to radiation in space? and (2) if no.
(1) is correct, are these increases clinically significant? We present our analyses of 5 years of data with an average of 3.8 exams per subject.
In NASCA Report 1 (15) we described the results of analyses of baseline cross-sectional NASCA data on U.S. astronauts exposed to radiation in space, and two comparison groups: (1) U.S. astronauts who had not flown in space, and (2) military aircrews. The results of skew-normal regression analysis of cortical cataract data showed that outside of age, none of the demographic covariates appeared to affect opacity. After adjusting for age differences, we did not see a significant effect of space radiation in the form of a continuous dose. However, we did find that, while unexposed astronauts tended to have smaller cortical opacity values than other unexposed subject groups, the skewed distribution of cortical opacities for exposed astronauts was significantly shifted toward larger values compared to their unexposed peers (Z ¼ 2.38, P ¼ 0.017). We concluded that after adjusting for age and recruitment group, astronauts exposed to space radiation tended to have more extensive cortical opacification.
For posterior subcapsular cataract opacities, ordered logit analysis of discrete levels of the area opaque, and also the number of discrete centers of opacification showed some evidence that increased exposure to galactic cosmic radiation was associated with more severe opacification (Z ¼ 1.89, P ¼ 0.056). The effect of space radiation on the numbers of discrete posterior subcapsular cataract centers of opacification (not the aggregate area of the opacity) was less pronounced (Z ¼ 1.67, P ¼ 0.095). For both measures of posterior subcapsular cataract, we also found that increased lycopene intake appeared beneficial (Z ¼À2.80, P ¼ 0.005) for percentage area opaque, and for the numbers of posterior subcapsular centers (Z ¼ À2.91, P ¼ 0.004). Although increased age was indicative of larger posterior subcapsular opacity, the effect was not as strong as in other ocular regions (Z ¼ 2.42, P ¼ 0.016 for percentage area opaque; and Z ¼ 2.06, P ¼ 0.039 for the number of posterior subcapsular cataract centers).
Within the astronaut group, subjects with the largest posterior subcapsular cataract opacities tended to be those who had the highest radiation exposure levels. We defined ''high'' posterior subcapsular cataract as exceeding 0.1% opaque (approximately the 75th percentile within the astronaut group). Roughly half of the astronauts have cumulative space career lens doses exceeding 10 mSv. Using a logistic regression model, we then expressed the probability of a subject having a large posterior subcapsular as a function of age and the above binary radiation indicator, also adjusting for possible nutritional and solar ocular exposure effects. The result indicated an odds-ratio for increased risk of large posterior subcapsular cataract of approximately 2.23 [95% CI (1.16, 4.26) ; P ¼ 0.016] for astronauts exposed to higher space radiation doses. The corresponding estimated odds-ratio per year of age was about 1.041 [95% CI (1.008, 1.075); P ¼ 0.015].
For measures of nuclear opacifications we used mean pixel density within 4 specified masked areas of the nucleus in black/white digital slit images from the Nidek EAS 1000 lens imaging system. The largest mask encompassed the entire nucleus. For the largest masked area both the mean mask density and its variance increased with age, however neither gender, nor any type of space radiation lens-dose equivalent was found to be a significant predictor of mean nuclear density. As a group, astronauts (regardless of exposure to space radiation) tended to have a slightly lower mean mask density in the largest masked area than did the other recruitment groups, after adjusting for differences in covariates (Z ¼ À2.96, P ¼ 0.003), but the estimated effect was only 1 to 2 units of pixel density (approximately 10% of the range of change), depending on values of other covariates. In addition, we found higher intake of bcarotene (Z ¼À2.42, P ¼ 0.015) and polyunsaturated fats (Z ¼ À2.57, P ¼ 0.010) to be associated with lower mask density.
Radiation dose limits for the lens have been set to prevent clinically significant cataracts developing as a result of occupational radiation exposure (20, 21) . Our crosssectional results documented an increased incidence of several forms of lens opacity in astronauts exposed to space radiation. However, to determine the clinical significance of these opacities, an understanding of their progression rates is needed. A key question for determining significance is to show if progression rates are increased relative to progression rates in an unexposed population. We are unaware of any other published report on progression rates for cataracts in an exposed population. Prior reports have focused on observations of the incidence of cataract after radiation exposure (2, 9, 12, 13) .
Recently in a Meeting Report published in Radiation Research (19) on ''Radiation Cataractogenesis: Epidemiology and Biology'', strong evidence was given that low-LET radiation causes lens opacities at exposures lower than the present ICRP guidelines. However, the report concluded that currently there are no informative data available on the shape of the dose-response curve or dose-effect threshold values for protracted low-LET radiation exposures with respect to vision impairing cataract. It was concluded that this represented the single largest gap in radiation-cataract epidemiologic knowledge. This paper, NASCA Report 2, assesses the role of exposure to space radiation on the rates of progression of cortical, nuclear, and posterior subcapsular opacification.
METHODS
NASCA methodology has been reported in detail (15) , and this study was conducted in accordance with the Declarations of Helsinki. All protocols were approved by the Higher School Certificate (HSC) of all collaborating institutions prior to the beginning of the study and then annually. At baseline our subjects included 224 astronauts, 95 military aircrew, and 99 ground-based control subjects recruited from the population of subjects in the Longitudinal Study of Astronaut Health (LSAH) (1). In Phase II, the longitudinal phase of NASCA, data from ground-based subjects were not explicitly used in the analyses because ground-based subjects exhibited considerably more variability in demographic and lifestyle characteristics than did astronauts. However, this greater variability in ground-based subjects allowed us to identify the most important confounding variables to be adjusted for in the longitudinal analyses. Over the course of this study, 202, 199, 189, and 171 astronauts, and 96, 90, 81, 73, and 56 military aircrew completed 2, 3, 4, and 5 years of follow-up, respectively ( Fig.  1) . For the longitudinal analysis based on five years of follow-up we collected data on 76.3% of astronauts and on 76.8% of military aircrew. Table 1 lists the reasons for subjects in each group that failed to complete the 5 years of follow-up. Figure 2 shows the percentage of observations by years of follow-up for each group for exams with digital images (astronauts and pilots). Table 2 lists the distribution of exam numbers for astronauts and the pilot comparison group. Times between exams are largely at 1-year intervals. However, for many retired astronauts living outside the Houston area, longer intervals occurred. Time between exams is described in the regression models considered.
Measures of Opacity
Details of methods used to analyze digital images of the lens have been reported (15) . All image analyses were conducted by two analysts (W. H. Tung and L. T. Chylack), both of whom were masked as to the identity of the subject (astronaut or military aircrew). A brief recapitulation of this information is presented below for cortical, posterior subcapsular cataract and nuclear analyses. For analysis of 26 CHYLACK ET AL.
retroillumination images of cortical and posterior subcapsular cataract, the largest mask size that would fit within the pupillary space for all visits was used to determine the ''% area opaque''. For all visits the same thresholds were used to binarize the black and white images into clear and opaque zones. Thus, any variation between percentage area opaque between visits for the same eye of a given subject could not be attributed to changes in mask size or threshold. The number of discrete posterior subcapsular centers of opacification was based on Dr. Tung's visual inspection of the posteriorly focused retroillumination image for non-contiguous areas of posterior subcapsular cataract (called ''centers''). Mean pixel density within four specified masked areas of the nucleus: (1) entire nucleus, (2) central clear zone, (3) anterior embryonal nucleus, and (4) posterior embryonal nucleus (derived from Nidek EAS 1000 B/W slit images from each visit). In the Nidek digital slit image of the nucleus the opaque parts of the nucleus appear increasingly white and the clear areas appear black. The whiteness of the nucleus is a function of the intensity of back-scattered light from the nucleus, and is a direct measure of the severity of nuclear opacification. Image analyses of the areas of cortical and posterior subcapsular cataract, mask size, location of the mask within the retro image, and threshold for binarizing masked areas into clear and opaque regions, were the same for all visits. In subsequent discussion, the term ''opacity'' will be used for any of the above measures of severity, depending on the type of cataract studied.
Radiation Data
Radiation data were updated from our earlier reports (15) to account for space shuttle and International Space Station missions from 2008 to 2010. The methods used are described in detail in Cucinotta et al. (24) . Exposure of lens to space radiation was estimated using recorded personal dosimetry from each space mission that was adjusted by radiation quality factor and quantified in terms of dose equivalent, dose equivalent latency for galactic cosmic rays, and total dose, which includes trapped radiation in the Earth's Van Allen belts. For astronauts who had not flown in space and military aircrew, radiation exposure was defined as zero. Based on earlier observations, additional doses from medical procedures or aviation were not considered because no effect on cataract was found in these earlier reports (2, 15) .
We assumed a lag-time between radiation exposure and occurrence of cataract. Exposures within 2 years of subject examination were weighted as the lens dose equivalent multiplied by the difference in time from exposure to exam divided by 2 years.
Nutritional Data
Results from processed Harvard Food Frequency Questionnaires resulted in daily intake values for 105 nutrients. Nutritional variable selection was based on the 16 nutrients (among the 105) that prior to 2003, as described in previously published studies, were reported to have significant associations with cataract. The nutrients we selected were: (a) alpha-carotene, (b) beta-carotene, (c) beta-cryptoxanthin, (d) lycopene, (e) lutein þ zeaxanthin, (f) other carotenoids, (g) vitamin A, (h) vitamin C, (i) vitamin E, (k) folate, (j) saturated fats, (l) polyunsaturated fats, (m) sucrose, (n) omega-3 fatty acids [eicosapentaenoic fatty acid (EPA), docosapentaenoic fatty acid (DPA), docosahexaenoic fatty acid (DHA)], (o) omega-3 (linolenic fatty acid, EPA, DPA, DHA), and (p) vitamin E supplementation. Since all of the nutrients were moderately-to-highly correlated with total caloric intake in our sample, an energy-adjustment method was used to adjust for total calories. For further details on the methods of gathering and analyzing the nutritional data, see Report 1 (15) .
STATISTICAL METHODS

Opacity Growth
Estimates of nuclear, cortical, and posterior subcapsular cataract growth rates for each eye of each subject had large variability and skewed distributions due to measurement variability and the relatively small number of visits per subject. As a result, statistical inference on opacity growth based on regression models that assume normally distributed errors would not be appropriate, even when allowance is made for the hierarchical structure of the data (two eyes per subject, each with data from multiple visits). Instead, we used a two-step approach. First, median regression was used to collapse longitudinal data into robust estimates of progression rate (opacity severity compare to time) for each eye of each subject. Then, median regression with the dependent variable being the maximum of the two rates (OD and OS) per subject was used to quantify and test for a radiation effect, adjusting for the confounding variables of average age, nutritional, and sun-exposure histories. Figure 3 shows cortical progression rates for astronauts that have flown in space plotted against space radiation lens dose equivalent (upper panel), or age at first visit (lower panel). Using median regression with maximum (OD, OS) cortical progression rate as the dependent variable, we found evidence of a relationship between space radiation dose and cortical progression rates ( Table 3 ). The increase in median percentage cortical area opaque per year per Sv per year was estimated as 0.25 6 0.13 [95% CI ¼ (À0.012, 0.507), P ¼ 0.062]. Median regression analysis details for cortical progression rates are shown in Table 4 .
RESULTS
Cortical Cataract Progression Rate
Posterior Subcapsular Cataract (number of centers of PSC) Progression Rate
We saw no indication of posterior subcapsular cataract during interim and final analyses in 66 subjects. Furthermore, for 88 additional subjects, we observed evidence of posterior subcapsular cataract during the final analysis after 5 years of follow-up. Based on median regression with maximum (OD, OS) posterior subcapsular cataract progression rate as the dependent variable, no association with space radiation exposure and posterior subcapsular cataract progression rate was found (Table 3) . 
Nuclear Cataract Progression Rate
Progression rates of nuclear cataracts were found to be associated only with age. No association with any measure of space radiation was found. Figure 4 shows a scatter plot of mean nuclear mask progression rates for astronauts compared to space radiation lens dose equivalent (upper panel) and age at first visit (lower panel).
Progression Rates of Other End Point Variables
In similar analyses, we found no statistically significant relationships with space radiation exposure for measures of high-and low-contrast or Logmar Visual Acuities (Table 3) .
DISCUSSION
We summarize the findings derived from the crosssectional baseline and five year longitudinal databases. Concordant and discordant results were observed in the baseline cross-sectional and longitudinal timeframes. For example, during the cross-sectional analyses of baseline data we observed: (a) the median size and variance in size of cortical opacities were greater in exposed astronauts (P ¼ 0.015); (b) within-astronaut group posterior subcapsular cataract severity (area) was greater in subjects with higher radiation doses (P ¼ 0.016); (c) galactic cosmic rays were possibly linked to increased posterior subcapsular cataract area (P ¼ 0.056) and the number of posterior subcapsular cataract centers (P ¼ 0.095); and (d) no relationship was found between density (severity) of nuclear opacification and space radiation exposure. Whereas after the longitudinal analyses we observed: (a) the estimated median rate of progression of cortical opacification was an increase in cortical percentage-area opaque of 0.25/year/Sv in exposed astronauts (P ¼ 0.062); (b) neither the area of posterior subcapsular cataract opacification and the increase in numbers of centers of posterior subcapsular cataract opacification was associated significantly with space radiation exposure. However, our results may have been influenced by the absence of a large number of posterior subcapsular cataract cases among astronauts due to lens implants or other reasons as described in this report; (c) within the time frame of the study there was no evidence that space radiation exposure was related to faster rates of increase in various measures of nuclear opacification; and (d) no impact of space radiation on visual acuity was apparent over the approximate 5 years follow-up time of NASCA.
The NASCA study has a number of significant strengths: The populations of groups of comparison subjects were well-defined regarding age, nutrition, solar ocular exposure, smoking status, general medical status, and radiation exposure status. NASCA employed highly standardized methods for all measures, and it used sensitive, precise, continuous, and validated measures of cataract severity. These methods clearly detected the age-related changes in each class of lens opacification. Opacities increased slowly with age, which was expected. There was some consistency of results for cortical opacification between the crosssectional and longitudinal studies. For posterior subcapsular cataract opacification, while there was evidence of a space radiation effect in the cross-sectional study, there were not NASCA STUDY -LONGITUDINAL STUDY enough visits or years of follow-up to discern any such effect on the rates of posterior subcapsular cataract progression.
There are several factors to consider in examining doseresponse relationships between space radiation and rate of progression of lens opacification. First is the source(s) of dosimetry errors. Galactic cosmic radiation doses vary little with amounts of shielding on spacecraft and are known to have an accuracy of 610% (24). Trapped proton-dose estimates are slightly less well known, and are more likely influenced by orientation effects that may not be accurately represented by dosimeters worn by astronauts (27) . Also, it is well known that random errors in predictor variables bias regression coefficients toward zero (28) . The use of lens dose equivalent also needs to be considered. The relative biological effectiveness (RBE) factor for cataracts in animal studies is uniquely different from the quality factor (Q) used in radiation protection and in the lens doses used in our analysis. RBEs for cataracts at low doses are dose dependent in animal studies and were found to be greater for less-severe grades of cataracts as compared with greater grades (4-8, 10, 11) . The RBE could also be distinct for nuclear cataracts compared to cortical or posterior subcapsular cataract. Our use of lens dose equivalent in median regression analysis of space radiation effects is therefore subject to uncertainties that are difficult to quantify. Relative contributions of trapped protons and galactic cosmic radiation to the lens dose equivalent could be distinct when calculated using an RBE for cataracts compared to quality factor values, and thus vary for different types of space missions (inclination, solar cycle, etc.).
Mechanisms of age-related cataract formation are manifold, but are not precisely defined. In addition to posttranslational protein modifications, many of which are oxidative, mechanisms of radiation cataract include cell death, genome damage, altered gene expression and cell cycle control, abnormal differentiation of epithelial cells into fiber cells, and changes to lens fiber proteins (19) (20) (21) . High-LET radiation produces complex DNA breaks and mutations (21) . Irradiation (6) (7) (8) produces late degenerative damage to tissues similar to that occurring during aging in general. The relevance of each of these mechanisms likely varies with radiation dose and with quality among posterior subcapsular, cortical and nuclear cataracts.
Another consideration to take into account when investigating space radiation-induced cataracts is the deviation from a linear dose-response due to nontargeted effects in which nonlinear dose-response models are hypothesized to apply at low dose (29) (30) (31) . Posterior subcapsular cataract and cortical are examples where lens epithelial cells are hypothesized to be the target cell for cataract. At low radiation doses, where less than one heavy ion track per cell occurs, adverse biological effects may be due to changes in the cellular microenvironment and aberrant signal transduction processes in the hit cells. These mechanisms suggest a sub-linear dose-response model, and are documented in a growing number of biological systems and responses (29) (30) (31) .
In addition to the inability to estimate rates of progression due to the small number of visits and the 5-year study, there were also several limitations to the NASCA study. Sizes of the groups studied were relatively small. Although we originally anticipated enrolling a higher percentage of astronauts, we were less successful than anticipated in accomplishing this. Nevertheless we were successful in enrolling about two-thirds of currently flight-qualified astronauts and approximately 70% of all living astronauts. With the discovery of several significant differences between the astronaut group and the group derived from the LSAH, we observed early on that we would be unable to derive a perfect, or even a suitable, group of comparison subjects from within the populations currently under surveillance at NASA. It was this realization that prompted us to explore the use of a comparison group of astronauts without experience with space flight and therefore, no space radiation exposure. Our solution to this dilemma was to combine two comparison groups (astronauts who did not fly in space and military aircrew). This solution, albeit reasonable, was not ideal as we found that space radiation exposures were generally modest (,100 mSv) and had a very limited range of lens doses. To address the precision of measured doses of space radiation exposure and the related issues described above we considered the use of discrete (i.e., exposed compared to unexposed) exposure groups in several analyses. We also observed that the distributions of primary end point variables were non-normal and often skewed with fat tails. Therefore our analyses required more complex statistical methods.
The most important deficiency for NASCA was the number of exams per subject realized in the study. The initial NASCA objective was to obtain 5 exams per subject at 1-year intervals. However, on average only data for 3.8 exams per astronaut were obtained. The average interval per exam was somewhat longer than 1 year as anticipated in the original NASCA protocol, and this partially explains why some astronauts had only 4 exams. However, there remains a severe limitation for estimating progression rates caused by subjects with only 1 to 3 exams. Based on the current results, we also realized that an observation period of more than 5 years is necessary to adequately estimate rates of cortical, nuclear, and posterior subcapsular cataract opacity progression.
Analysis in the two earlier studies of cataracts in astronauts (2, 15) did not indicate any association between medical or aviation doses and cataract incidence, and we chose not to consider these doses in the present analysis. In addition, aviation training records were considered for astronauts, but no records for other aviation travel such as frequent trips between Houston, TX and Cape Canaveral, FL for Shuttle training/missions, and trips between Houston, TX and the Russian Federation for International Space Station training/missions were available. However, no effect of medical or aviation radiation doses could be expected due to the low doses of low-LET radiation involved in these exposures.
Despite difficulties encountered in this NASCA study, we were able to demonstrate some adverse effect of low doses of space radiation exposure on the lens. We were able to show that the adverse effects of space radiation exposure are greater for cortical opacification than for posterior subcapsular cataract or nuclear opacification. For posterior subcapsular cataract, a potential source of bias is that we could not enroll 6 astronauts known to have lens implants for cataract correction, three of whom were diagnosed with posterior subcapsular cataracts (2). As we noted in our earlier report (15) , there were also 9 other astronauts with cataracts noted in the 2001 NASA report (2) that were not enrolled in NASCA due to advanced age or death. These included two additional posterior subcapsular cataract cases. Unfortunately, these 15 astronauts did not have cataract classification with validated methods prior to their surgery.
Further study of the relationship between space radiation exposure and lens opacification is needed. However, our experiences in NASCA have indicated that such studies will be complicated and difficult. Such follow-on studies will be complicated by small numbers of individuals with exposure to space radiation, unless the study assumes an international scope including cosmonauts and other space aviators from other national space programs. It is highly likely that to show an effect, follow-up will have to be longer than five years. Any new study will lack an ideal or even optimal comparison group for astronauts. Therefore, it may be preferable to study only astronauts who have flown in space and compare cohorts with higher-dose exposures to those with lower-dose exposures, rather than to again use nonastronaut comparison subjects. Subsequent studies will likely benefit from increased precision in assessing the doses of space radiation exposure by radiation source.
Observations that cortical opacification was accelerated by exposure to space radiation is a legitimate concern for prolonged manned space missions (to Mars, near Earth objects or the Earth's moon). This concern may be offset partially by the NASCA finding that such worsening occurred without an immediate adverse consequence to high-and low-contrast visual acuity at lower doses (,100 mSv), but needs to be considered at the higher lens doses of such missions. In trying to assess the clinical significance of faster rates of progression of cortical opacification, one needs to consider the varying prevalence of cortical in Caucasians and African-Americans. The Barbados Eye Study (32) documented a much higher prevalence in African-Americans in Barbados (34%) compared to three studies in predominantly American Caucasians (13.4-16.3%). In this same study, ''Cortical only'' cataract accounted for the least amount of visual disability (,20/ 40) compared to ''posterior subcapsular cataract only'' and ''nuclear only''. In contrast, Klein et al. (33) reported oddsratios for cataract surgery of 35.58 [10.12, 125 .17] if nuclear cataract is present at 50 years old and 15.51 [8.27, 29 .09] if posterior subcapsular cataracts occur. These published results are in agreement with clinical experience in which patients with advanced cortical cataract (often involving the equatorial regions of the lens) may retain nearly normal vision for several years. Cortical opacities involving the axial portions of the lens can be the cause of glare and loss of visual acuity. We expect that increases in cortical and nuclear opacification will lead to loss of visual acuity after some period. However, observations longer than the 5 years considered by NASCA will be needed to understand such increases at the low doses incurred on past space missions.
